Since osmium is usually present in such materials at low concentration, methods with reasonable or high detectability are required. In addition, osmium is usually present in association with other platinum metals such as Pt, Rh, Ir and Pd; methods are therefore also required to have high selectivity. Various methods have been described for the determination of osmium in different samples including spectrophotometric methods 1-5 , potentiometric 6 , atomic spectrometric methods 7-9 and catalytic spectrophotometric methods.
Since osmium is usually present in such materials at low concentration, methods with reasonable or high detectability are required. In addition, osmium is usually present in association with other platinum metals such as Pt, Rh, Ir and Pd; methods are therefore also required to have high selectivity. Various methods have been described for the determination of osmium in different samples including spectrophotometric methods [1] [2] [3] [4] [5] , potentiometric 6 , atomic spectrometric methods [7] [8] [9] and catalytic spectrophotometric methods. [10] [11] [12] [13] [14] [15] The poor selectivity or limit of detection of many existing techniques, along with the drawback of requiring a reagent that is not commercially available, has necessitated the development of adequate separation procedures.
Voltammetric techniques also have been used for the determination of osmium. [16] [17] [18] [19] [20] [21] [22] Medyantseva et al. 19 used an extraction-voltammetric method for the determination of osmium, with the limit of detection of 0.013 mg/ml osmium. Medyantseva et al. 20 determined osmium by an extraction-Ac polarographic method at 6.1×10 -7 M Os(VIII). Medyantseva et al. 21 used hydrogen catalytic currents in a solution containing osmium with nitrogen and sulfur-containing ligand, with the limit of detection of 1×10 -8 M. A more recent voltammetric method for the determination of osmium is based on its catalytic effect on the iodate oxidation of As(III) in acidic media with oscillopolarographic method. 22 The limit of detection is 0.02 ng/ml osmium. This method is not selective and has much interference. This paper presents a highly sensitive, simple and selective method for the determination of osmium, based on the cathodic catalytic current of Os(VIII)-bromate system near -0.05 V vs. Ag/AgCl reference electrode by linear sweep voltammetric (LSV) and square wave voltammetric (SWV) techniques. The main advantages of the method are sensitivity, relative selectivity, and use of only readily available reagents. The effect of possible interferences is easily removed by a single extraction of osmium into methyl isobutyl ketone. 9 Osmium is then back-extracted into sodium hydroxide solution 12 and is measured according to the recommended procedure.
Experimental

Apparatus
A Polarographic Analyzer system (EG & G Princeton Applied Research), Model 384B with a three-electrode system, Model 303A (HMDE as a working electrode with area of 1.8 mm 2 , Ag/AgCl, saturated with KCl, as a reference electrode and Pt-electrode as auxiliary electrode) were used. A Model DMP-40 series digital plotter (Houston instrument) was used for recording voltammogram.
Reagents
All chemicals used were of analytical grade and were used without further purification. Doubly distilled water was used for the experiment.
A 0.450 mol/l sodium bromate solution was prepared by dissolving 16.988 g of NaBrO 3 (Merck) in water in a 250-ml volumetric flask.
Osmium tetroxide stock solution was prepared by dissolving 1.0 g of osmium tetroxide from a sealed ampoule in about 100 ml of 0.2 mol/l sodium hydroxide solution in a glass-stoppered one liter volumetric flask. The solution was then diluted to volume with water and standardized iodimetrically. 23 Working standard solutions were prepared by diluting the stock solution.
Procedure
All the solutions and the cell were initially thermostated at 30˚C for 30 min before mixing. Into a 10-ml volumetric flask, a known volume of solution containing less than 5.0×10 -10 mol of osmium as osmium tetroxide, 2 ml of phosphate buffer (NaH 2 PO 4 , Na 2 HPO 4 , 0.05 mol/l, pH=5.5) and 1.0 ml of bromate solution (0.450 mol/l), (for SWV method, 2.0 ml of 0.450 mol/l bromate was used) were placed, followed by dilution to 10 ml with distilled water. The solution was transferred into a polarographic cell. Then the solution was deaerated with nitrogen for 4.0 min. After 5 s of quiescence, a linear scan voltammogram was recorded from +0.10 to -0.30 V. The current amplitude was recorded as a function of potential and the increase in amplitude of the peak current was plotted as a function of osmium concentration to give a calibration curve. A blank solution without addition of osmium was used to obtain the blank peak current. For LSV method: a scan rate of 100 mV/s was used, whereas for SWV method; scan increment 10 mV; scan rate, 1.0 V/s; frequency, 100 Hz; pulse height, 200 mV; was used.
Results and Discussion
Catalytic characteristics of Os(VIII)-BrO 3
-system Cyclic voltammogram (CV) of 5.0×10 -7 mol/l Os(VIII) at pH 5.5 does not show any cathodic peaks for the range of +0.1 to -0.3 V vs. Ag/AgCl reference electrode, whereas greater amounts of Os(VIII) concentration (5.0×10 -4 mol/l) showed two peaks, one at 0.0 V and the other near -0.2 V. These peaks probably correspond to reduction of Os(VIII) to Os(VI), and the other reduction of Os(VI). 24 On the other hand, in the presence of 0.045 mol/l bromate, the peak current of 2.0×10 -7 mol/l Os(VIII) increased dramatically, this increase was presumed to involve the reduction of Os(VIII) to Os(VI). As expected, the peak at -0.2 V disappeared since the Os(VI) was oxidized back to Os(VIII) by bromate at the electrode surface. At higher scan rates, the second peak also appeared, that implies an EC' mechanism.
Cyclic voltammetry of the Os(VIII)-bromate system at pH=5.5 is shown in (Fig. 1 ). The peak current was enhanced by the addition of bromate. The reverse scan, unlike the one without bromate, yielded a cathodic rather than an anodic peak. Such behavior has also been observed by other researchers [25] [26] [27] and is typical for a catalytic system. We suggest that the chemical oxidation of Os(VI) to Os(VIII) by bromate was dominant, and that most of the Os(VI) produced by the electrochemical reduction was converted to Os(VIII) at a fast rate. This resulted in more Os(VIII) than Os(VI) at the electrode surface, even during the anodic scan, which produced a net cathodic current.
The applications of linear sweep and square wave voltammetric techniques all produced different peak currents with Os(VIII). But a very small current (near to zero) was observed for bromate (background current or blank current) with the LSV technique, whereas with the SWV method the peak current for catalytic reaction becomes larger than that for the LSV method. On the other hand, for SWV technique, the blank current also is large.
The nature of the catalytic current was further explored using the approach of Nicholson and Shain. 28 The current function (peak current/square root of the scan rate) was inversely proportional to square root of the scan rate, which also suggested an EC' mechanism. The likely reaction mechanism is that, during the potential scan, the Os(VIII) is reduced to Os(VI 
Study of the LSV method
For the system, the effects of pH and bromate concentration, on the peak current and peak potential, and the effect of scan rate on the sensitivity, were studied with 1.0×10 -8 mol/l Os(VIII). The pH dependence of the catalytic peak potential and peak current are shown in (Fig. 2) . As illustrated in this figure, the change in peak potential is small with pH changing, and was slightly shifted in the negative direction by 10.6 mV/pH, a large peak current was observed at the pH interval of 5 -6. A substantial decrease in peak current was observed when the pH was greater than 6.0. This is due to the fact that the potential of bromate for the oxidation of Os(VI) to Os(VIII) decreases at alkaline solution. Thus, a pH of 5.5 was selected with disodium hydrogenphosphate and sodium dihydrogenphosphate buffer mixture.
The effect of bromate concentration on the sensitivity was studied with pH=5.5 and this is illustrated in Fig. 3 . The peak current increased gradually with the bromate concentration up to 0.036 mol/l, whereas greater amounts of bromate can not affect on the sensitivity. On the other hand, the peak potential changes slightly in the negative direction with bromate concentration. Thus, 0.045 mol/l bromate concentration was selected. The blank current also was checked with the range of bromate concentration. The results show that the signals were near to zero.
The effect of scan rate on the peak current was studied with the above optimum conditions; a scan rate of 100 mV/s was selected. When the scan rate was increased the peak potential gradually was shifted to positive value, implying an irreversible or quasireversible reaction of Os(VIII) at the electrode, and the peak current decreased at a slow rate. For a suitable sample rate analysis, 100 mV/s was selected as a suitable scan rate.
Study of the SWV technique
In SWV method, because bromate alone (without Os(VIII)) produces a current peak about -0.05 V, the blank signal also must be determined for each experiment, although the signal magnitude is larger than for the LSV method.
The effect of pH on the peak current was studied for the range of 4.0 -9.5. Figure 4 shows that a pH of 5.5 -6.0 produces the greatest sensitivity, as described before. Thus a pH of 5.5 was selected.
The effect of bromate concentration for sample and blank reaction was studied at pH 5.5. Figure 5 shows that by increasing bromate concentration, the blank signal and sample current increase, whereas the sample current signal increases at a greater rate. At bromate concentrations greater than 0.090 mol/l, the net signal (∆I p ) is unchanged. Thus, 0.090 mol/l of bromate concentration was selected.
The dependence of ∆I p with scan rate shows that ∆I p 853 ANALYTICAL SCIENCES SEPTEMBER 1999, VOL. 15 Fig. 2 Effect of pH on the peak current for LSV method. Fig. 3 Effect of bromate concentration on the peak current for LSV method. increases with increasing scan rate up to 1000 mV/s. Thus this value was selected for use. The effect of pulse height amplitude on the net peak current (∆I p ) was studied with the above optimum reagent concentration and manifold variables, for the range of 20 -250 mV (Fig. 6) . The results showed that the peak currents increase with pulse height increasing. Thus 250 mV for pulse height was selected.
The peak current was reduced with the square wave frequency; on the other hand, at greater frequency, the peaks become sharp; thus 100 Hz was selected for the frequency. Table 1 shows the calibration ranges and limit of detection with these two techniques for determining Os(VIII). Owing to the high sensitivity, the blank of the SWV shows a small peak. As shown, there is a good linear relationship between peak current with Os(VIII) concentration, and results are also sufficiently sensitive.
Calibration graph, precision and limit of detection
Hence these two techniques can be used for the determination of Os(VIII). The LSV techniques with a hanging mercury drop electrode is even more simple than SWV method and has a lower limit of detection due to the fact that the blank signal is nearly to zero, whereas under our experimental conditions, the signal of the blank of the SWV peak is large.
The relative standard deviation for five replicate measurements of 1×10 -9 and 2×10 -8 mol/l for LSV method was 3.4% and 2.5% and for SWV method was 2.6% and 1.2%, respectively. The theoretical limit of detection (3S b /m, three times of the blank standard deviation divided by the slope of the regression equation) is equal to 5×10 -10 mol/l.
Interferences
The influence of foreign ions on the peak current in Tables 2 and 3 .
It is concluded that many ions did not interfere on the determination of Os(VIII). On the other hand, the SWV method is more selective than the LSV technique. The most important interferences were from Pb(II) and Cu(II) by SWV method, and from Co(II), I -, Fe(III), Al(III), Mn(II), Pb(II), and Zn(II) by LSV techniques. However, the tolerance limit for most interfering ions can be increased greatly by a single extraction of osmium into methyl isobutyl ketone 9 and then back extracted into a 0.001 mol/l NaOH solution.
Application of the method
The procedure was applied to a variety of synthetic samples to evaluate its effectiveness (Table 4) . Mixtures of common metal ions that usually accompany osmium were prepared and analyzed. Also, a series of recovery experiments were carried out by adding standard pure osmium as osmium tetroxide to aliquots of synthetic samples. The results obtained indicate that SWV method would be effective for analysis of samples of similar complexity. 
